We have developed a 2-dimensional gel method for identification of RNA sequences crosslinked by the intercalative drug 4'-hydroxymethyl-4,5',8-trimethylpsoralen (HMT). This method is being used to localize such sites in E. coli ribosomal RNA. We report here the identification of a site for HIT crosslinking within positions 434 and 497 of 16S rRNA. We suggest a likely site for HMT intercalation, in which residues U458 and U473 become crosslinked via the drug.
INTRODUCTION
The 16S rRNA of prokaryotic ribosomes is known to be intimately involved in a number of facets of protein synthesis, including messenger RNA selection (1, 2, 3) , tRNA binding (4, 5, 6) , ribosomal subunit association (7, 8, 9) , and antibiotic sensitivity or resistance (10) . A knowledge of its structure is indispensable for a complete understanding of its participation in the process of translation.
Since the elucidation of the primary structure of 16S
rRNA from Escherichia coli (11, 12) , much effort has been devoted to deducing a sound secondary structure for this important part of the prokaryotic ribosome. 4 '-Hydroxymethyl-4,5',8-trimethylpsoralen (HMT) has been used in conjunction with electron microscopy to probe the secondary structure of E. coli 16S rRNA (13, 14) , and a map of crosslinked sites has been reported (15) . Several of these sites correspond to features of the secondary structure models derived independently on the basis of phylogenetic comparison, UVcrosslinking, and chemical and enzymatic probe studies (16, 17, 18) . The remaining HMT sites do not appear to have obvious counterparts in the secondary structure models, and so may indicate heretofore undetected secondary or other structural features. We are therefore developing methods for precise localization of the sites of HMT crosslinking of rRNA.
Psoralens (furocoumarins) are known to interact with nucleic acids and form covalent C4-cycloaddition adducts with pyrimidines when irradiated with ultraviolet light at 320-400 nm (reviewed in 19, 20) . These drugs are particularly well-suited for conformational studies of nucleic acids due to the non-damaging photoreversibility of the cycloaddition adducts when irradiated with light of 240-260 nm (21) . The covalent crosslinking of double-helical nucleic acids by psoralens has been demonstrated for both DNA (22, 23, 24) and RNA (24, 25) . Nonoadduct sites have been determined to nucleotide specificity for E. coli tRNA (26, 27) and to a lesser extent in E. coli 16S rRNA (28) . Sites of covalent crosslinking have been determined to sequence specificity for 5S rRNA from E. coli (21) and from Drososphila melanogaster (29) . In this paper we report a method for isolating such regions from large rRNAs and give examples of sequences that are found.
MATERIALS AND METHODS

Ribosomal RNA Preparation
70S ribosomes uniformly labeled with P were prepared from E. coli MRE-600 cells as described by Chapman and Noller (8) . Ribosomes (4 x 10 cpm/gg) were suspended at a concentration of 75 /Lg/ml in buffer containing 10 Off-diagonal spots were excised from the gel and their oligonucleotide sequence analyzed.
As an example of the results obtained, the sequence analyses of spots numbered 1-4 in Fig. 1 are presented in Table I .
Results of the analysis of the remaining spots will be presented elsewhere.
DISCUSSION
The electron microscopy studies of Wollenzien et al. (13) and Thammana et al. (14) clearly demonstrated the existence of long-range crosslinks in 16S rRNA reacted with HXT. In addition, the existence of short-range RNA-RNA contacts crosslinked via BHT was implicated by the shorter contour length of 16S rRNA molecules reacted with the drug compared to that of untreated control molecules.
Direct sequencing of HKT-crosslinked regions would be of great value in elucidating the secondary structure taken by 16S rRNA under various reaction conditions, and would help to dispel some of the differences between Table I presents an example of sequence data for several oligonucleotides migrating off the diagonal. From these data, it can be seen that spots 1-4 comprise a family of oligonucleotides originating from the same region of 16S rRNA, specifically nucleotides 434-497 (Figure 2 ). Their location in 16s rRNA can be readily placed by fitting their sequences to that of the parent molecule.
It has been reported that reaction of various psoralens with cytosine as the free base (45) , as a mononucleotide and in homopolymers (32) , and in calf thymus DNA (46) , can lead to oxidative deamination of the base resulting in its conversion to uracil. We did not find this to be a problem, as all products of subsequent enzymatic digestions of off-diagonal spots were chromatographically well-behaved during their analysis.
In addition, any such change(s) would have been noted as a deviation from the known sequence of this region of 16S rRNA. This would seem to imply that no cytosine residues in the analyzed spots had reacted with HMT, or else those that had not been converted to uracil prior to removal of EHW by photoreversal. A similar lack of cytosine deamination was noted by Rabin and Crothers (21) .
We interpret the appearance of spots 1-4 as single entities above the diagonal (Fig. 1) as evidence that they arise from hairpin loops individually crosslinked by HMT, as discussed above. In fact, each of the RNA fragments described in Fig. 2 can be incorporated into a common hairpin structure ( (Table I) of spots 1-4 ( Fig. 1) correspond. Whether the 5' terminus of spot 4 is G454 or G455 was not established.
authors on the basis of independent evidence (16) (17) (18) . The precise site of HMT crosslinking is putative, since regions that have been crosslinked will not migrate off the diagonal unless the crosslink has been reversed, necessitating removal of the HMT moiety. However, there is much evidence supporting the hypothesis that the crosslink is between U458 and U473, and that HMT intercalates into the helix as shown in Fig. 3 . First, it is well established that the base in RNA most reactive with psoralens is uracil (19, 26, 32) .
Second, it has been reported that many reactive sites occur at G'U base pairs in helices (20) , which would be of lower stability than that of standard WatsonCrick base pairs (47) . Finally, runs of adjacent uracils within weak helices of natural RNAs seem to be particularly susceptible to reaction with these drugs (27) (28) (29) . All three conditions are satisfied by the proposed site of the intercalation; a G'U base pair exists between U458 and G474 in direct proximity to three adjacent uracils in the hairpin structure of Fig. 2) (Fig. 1) indicates its inherently high affinity for HWT intercalation and subsequent photoreaction. Youvan and Hearst have found similar high-affinity sites for HKT monoaddition in 16S rRNA (28) .
Further studies on the use of HMT as a crosslinking reagent for the investigation of both short-range and long-range interactions in 16S and 23S rRNA are currently underway in these laboratories.
